Abstract. This paper describes the Fracas computer-integrated orthopaedic system for assisting surgeons in closed long bone fracture reduction. Fracas' goals are to reduce the surgeon's cumulative exposure to radiation and improve the positioning accuracy by replacing uncorrelated static uoroscopic images with a virtual reality display of 3D bone models created from preoperative CT and tracked intraoperatively in real-time. Fluoroscopic images are used to register the bone models to the intraoperative situation and to verify that the registration is maintained. This paper describes the system concept, and the software prototypes of the modeling, preoperative planning, and visualization modules.
Introduction
Fluoroscopy-based orthopaedic procedures crucially depend on the ability of the surgeon to mentally recreate the spatio-temporal intraoperative situation from uncorrelated, two-dimensional uoroscopic X-ray images. Signi cant skill, time, and frequent use of the uoroscope are required, leading to positioning errors and complications in a non-negligible number of cases, and to signi cant cumulative radiation exposure of the surgeon 12]. Recent research shows that computeraided systems can signi cantly improve the accuracy of orthopaedic procedures by replacing uoroscopic guidance with interactive display of 3D bone models created from preoperative CT studies and tracked in real time. Examples include systems for acetabular cup placement 13], for total knee replacement, and for pedicle screw insertion 5, 8] .
We are currently developing a computer-integrated orthopaedic system, called Fracas, for closed medullary nailing of long bone fractures. Medullary nailing is a very frequent routine procedure that restores the integrity of the fractured bone by means of a nail inserted in the medullary canal 1]. The nail is placed without surgically exposing the fracture through an opening close to the piriformus fossa in the proximal femoral bone. The surgeon manually aligns the bone fragments, inserts a guide wire, reams the canal if necessary, and drives the nail in with a hammer. Lateral proximal and distal interlocking screws are inserted to prevent fragment rotation and bone shortening. All these steps are performed under uoroscopic guidance (Fig. 1) .
The most common errors and complications in closed medullary xation come from limited viewing capabilities. Because all alignment, reaming, and positioning must be done under uoroscopy, the surgeon must mentally reconstruct the location of the parts in space and time, manipulate the tools and the bone without visual feedback, and con rm the position with a new set of uoroscopic images. This often imprecise, slow, and tedious procedure can cause improper positioning and alignment, inadequate xation, malrotation, bone cracking, cortical wall penetration, bone weakening with multiple or enlarged screw holes in the worst case. The surgeon's direct exposure to radiation in each procedure is between 3 to 30 min with 31-51% spent on distal locking 12] depending on the patient and the surgeon's skill. When the bone fragments are di cult to align, the surgeon reverts to open techniques. The surgeon's radiation exposure and the reported number of complications of this kind motivates the search for improved solutions.
Fracas' goals are to reduce the surgeon's cumulative exposure to radiation and improve the positioning and navigation accuracy by replacing uncorrelated static uoroscopic images with a virtual reality display of 3D bone models created from preoperative CT and tracked intraoperatively in real-time ( Figure 2 ). Fluoroscopic images are used for registration { to establish a common reference frame { between the bone models and the intraoperative situation, and to verify that the registration is maintained. This paper describes the system concept and the software prototypes of the modeling, preoperative planning, and visualization, modules. A companion paper describes uoroscopic image processing. 
Previous work
Two computer-based systems for long bone fracture reduction 10,15] and 3] focus on distal screw locking. Both use intraoperative uoroscopy and optical tracking without preoperative CT images. 10,15] uses a passive mechanical arm with optical encoders to guide the surgeon to the right drilling position. It automatically identi es the distal holes in the uoroscopic images, plans the drilling trajectory, and constraints passive arm motions. The advantage of the system is that it eliminates trial-and-error drill positioning. The disadvantage is that it requires additional mechanical hardware. 3] continuously displays the projection of the surgical tools as they move on preselected uoroscopic images, thus approximating continuous uoroscopy. Since the images are correlated, the surgeon can simultaneously view the tool's progression from several viewpoints. This is similar to the conventional procedure and reduces the number of images needed. However, it does not provide preoperative planning support, does not display 3D views, and does not update the bone fragment positions in real time.
Goals and rationale
Our goal in developing Fracas is to assist the surgeon in all the steps of fracture reduction, not just in distal locking. It provides 3D bone modeling, preoperative planning, uoroscopic image processing, and anatomy-based registration of the 3D model with the uoroscopic images.
We believe that the additional cost and time of the preoperative CT study is outweighed by the potential reduction in more expensive intraoperative time, in minimizing mistakes and repetitive attempts at fracture reduction, and in reducing the surgeon's exposure to radiation. In many centers, including ours, CT is readily available for trauma patients, adding little preoperative time, risk, and morbidity. Cases of fracture femur may be divided into those in which the sole injury is the fractured femur, and those which there is multiple trauma. Multiple trauma patients are likely to have other CT studies done anyhow, e.g., abdomen and pelvis. In both cases, the patient's leg is immobilized on a Thomas splint which makes transport on the emergency room stretcher and transfer to the CT table easy and relatively pain free, with minimal fracture movement. Any fracture movement that does occur would not be associated with an increased risk for pulmonary emobilism.
4 Fracas: system description The Fracas system 4] comprises three units: a standard uoroscopic C-arm, a real-time position tracking optical system, and a computer workstation with data processing and visualization software. The uoroscopic unit is used to capture images that are used to establish a common reference frame (registration) between the intraoperative bone position and preoperative bone fragment models. The tracking unit is used to provide accurate, real-time spatial object positions with optical cameras following infrared light-emittingdiodes (LEDs) rigidly mounted on the surgical instruments or attached to the bones via bone screws 5, 9] . The computer workstation is used preoperatively for modeling and planing, and intraoperatively for data fusion and display.
The envisaged sequence of the procedure is as follows: preoperatively, a CT of the healthy and fractured bones is acquired. Surface and canal bone models are constructed by the modeling module. Using the planning modules, the surgeon interactively selects the distal and proximal bone fragments and nail type, length, and diameter. Shortly before the surgery, the uoroscopic and tracking units are calibrated by a technician. The patient is then brought into the operating room and the surgeon prepares and exposes the femur canal following the usual procedure.
To track the position of the bone fragments, the surgeon rigidly implants two specially prepared bone screws with LEDs attached to them. Fluoroscopic images are then captured by a technician (without the nearby presence of the surgeon) to perform an anatomy-based registration with the preoperative bone fragment models. With the LEDs in place, the technician activates the optical tracking system to capture the location of the bone fragments and surgical instruments. The images are imported into the workstation via a video frame grabber, and the tracking data via a serial port. The visualization module constructs the virtual reality image showing the bone fragments and surgical instrument models and presents it to the surgeon on a high-de nition monitor. The surgeon manipulates the bone fragments and surgical tools, following their relative positions and orientations on the monitor. Once the desired positioning is achieved, a new set of uoroscopic images is captured and registered to con rm the intraoperative situation with the displayed model. This process is repeated for the di erent steps of the procedure. Figure 3 shows the main Fracas software modules and the data ow between them. We describe the modeling and validation, nail selection, and visualization modules in detail next. The uoroscopic image processing module is presented in 16]. The registration and tracking modules are under development.
Modeling
The modeling module inputs the CT data and a user-de ned bone density threshold value. It outputs the inner and outer surface models of the selected proximal and distal bone fragments. The models are produced in two steps. First, polygonal surface models of the bone external and internal fragment surfaces are created. Then, the surgeon interactively de nes the extent of the proximal and distal fragments of interest with cutting planes. Figure 4 shows the modeling module window with a segmental comminuted fracture.
The bone fragment surface models are meshes of connected triangles. They are extracted from the CT data using an extended Marching Cubes algorithm 7] which classi es surface triangles as proximal, distal, canal, or outer surface. The size of the triangular meshes depends on the CT data, typically consisting of several tens of thousands of triangles. For example, the CT set in Figure 4 consists of 44 slices at 10mm intervals, image size 160x160, pixel size 1mm 2 ; it yields a model of about 75,000 triangles.
Since the bone fragments are usually in contact due to the action of the muscles, bone and canal surface models are frequently lumped together (a single connected piece for linear fractures, several pieces for segmental and comminuted fractures). An additional step is necessary to separate the fragment models because threshold information alone is not su cient to determine when a new fragment begins and when one ends when they are in contact.
The fragment models are separated into di erent pieces by means of userde ned cutting planes whose intersection de nes regions of interest. Cutting planes can be positioned in one of two ways. One is by de ning the plane in a default con guration and bringing it to the desired location using manipulation dials (on the left and bottom part of the window in Figure 4 ). The drawback is that the cutting plane is initially in an arbitrary position and might require a series of non-intuitive dial manipulations to bring it to the desired position.
A more suitable method is to interpolate a cutting rectangle from two line segments de ned in two CT slices close to the area of the desired separation (the white line segments in the two detailed CT windows on the right in Figure 4) . To avoid separating model parts that are far from the cutting area, the plane is automatically clipped to a rectangle. The position of the resulting cutting plane can be interactively ne-tuned by changing the position of the segment endpoints or by using the manipulation dials. This procedure is repeated until one or more planes are in the desired position. The fragments are then separated according to their point membership classi cation relative to each plane. Undesired bone fragments and bone particles are eliminated by clicking on them with the mouse. To di erentiate between them, the selected bone fragments are displayed in di erent colors (dark upper fragment in Figure 4 ).
To verify that the computed surface model closely matches the CT data, we developed a visual validation module. For each CT slice, the module computes the cross section of the geometric model at the CT slice location and shows it superimposed with the original CT data. The discrepancy between the two can be determined by visual inspection by moving up and down the CT slices. Quantitative measures could be computed if necessary. To improve the t, the bone density threshold value can be adjusted accordingly.
Nail selection
The nail selection module assists the surgeon to select the optimal nail size and length when a CT of the healthy bone is available. It inputs the CT data of the healthy bone and a prede ned CAD library of nail models available on site. Its output is the universal nail type, its length, and its diameter. The module constructs a bone and canal surface model and allows the surgeon to perform spatial measurements on it. Figure 5 shows the nail selection window.
To select a nail, the surgeon performs a series of canal diameter and height measurements. Canal diameter measurements are performed on the CT slices (four right windows in Figure 5 ) by moving the endpoints of a measuring segment (shown in white). Its length is interactively updated and appears in the top left corner of the window. Height measurements are performed on the 3D window (left window) by moving the endpoints of the measuring segment (black segment). Its length is interactively updated and appears in the top left corner of the window. Having determined the closest standard diameter and nail length, the surgeon enters the nail size, and the system retrieves the corresponding CAD model from the nail library. Nail diameters typically come in intervals of 1mm, lengths in intervals of 20mm. The nail model is then interactively positioned with the manipulator dials inside the bone to ensure that the diameter is adequate and that there is no impingement with the knee or hip joint. Although the actual nail deforms when it is inserted into the canal, the displayed nail position is close enough for the preoperative evaluation and selection. 
Visualization
The visualization module provides the surgeon with a virtual reality view of the intraoperative position and orientation of the proximal and distal fragments, the nail, and the surgical instruments. The positions are updated with real-time data from the tracking unit, after the preoperative model and the intraoperative situation have been registered (Figure 2 ). The inputs are the proximal and distal fragment models, the nail model, the registration transformation, and the on-line tracking position information. The output is a display of the updated virtual reality model, which can be seen from any desired perspective, as illustrated in Figure 2 (the nail is omitted; models of locking screws and other surgical instruments can be readily incorporated).
Since the main task is to align the proximal and distal canal, Fracas displays the central part of the exterior bone fragments translucid and highlights the canal surface inside. The femoral head and the condyles are displayed opaque to provide a reference frame for the joint and bone axes. Note that because of the fracture, the canal can vanish altogether before the end of the fragment. The virtual reality window provides standard viewing capabilities, e.g., zooming, viewpoint and perspective modi cation. It also includes four windows for cross section visualization, which can be interactively moved up and down the bone (note that the original CT image cannot be displayed, as the bone fragment position has changed).
Conclusion
We have described the design and implementation of the modeling, nail selection, and visualization modules of the Fracas computer-integrated system for closed medullary nailing. The goal of system is to overcome most of the planning, viewing and spatial positioning di culties associated with orthopaedic imageguided surgery. Fracas constructs a 3D model of the exterior and canal surface bone fragments and displays an updated view of their position and orientation. It assists surgeons in selecting the optimal nail length and diameter by interactively positioning a CAD nail model inside the healthy bone model. Its main advantages are spatial display and real-time image update, akin to continuous uoroscopy. To date, we have conducted evaluation trials on ve patient data sets to test the user interface and validate the prototype.
Current work on the Fracas system includes uoroscopic image processing (image dewarping, C-arm calibration, and contour extraction) 16] and anatomic 2D/3D registration. Near term plans include real-time tracking, system integration and in-vitro prototype testing.
